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primarily in the amplitude of the LFP in
high frequency bands, rather than the
phase in low frequency bands, as in V1.
And in visual cortex, there have been
intriguing hints that the LFP boosts the
information in the spikes [3], but it was
not clear that the LFP carried extra
information, as found by Montemurro
et al. [6], or simply enhanced the
information already carried by the
firing rate.
The finding that the LFP adds truly
extra information in visual cortex is,
then, a new and exciting result. There
is, though, at least one important
caveat: the LFP was shown to enhance
the information only in single neurons
(or, more accurately, small groups of
neurons, as the study focused
primarily, although not exclusively, on
multi-unit activity). Whether this
enhancement extends to populations is
not clear. For example, the neuron in
Figure 1 needed the help of the LFP to
distinguish between Princess Leia and
Chewbacca. But it could just as easily
have received help from other neurons
in the population, like the hypothetical
one shown in panel D: by looking at the
activity of the neurons in panels B and
D, one could distinguish between Darth
Vader, Princess Leia, and Chewbacca
without having to resort to the LFP.
Fortunately, whether or not
Montemurro et al.’s [6] results extend
to populations is testable using
multi-electrode recording.
This caveat aside, these results fill
an important gap in our knowledge: we
now know that, in visual cortex, the
LFP adds information to spiking
activity — information that is at least
partially independent of that contained
in firing rate. This independence is
reminiscent of a proposal in the context
of memory retrieval in the
hippocampus [15]. In that proposal,
phase carries information about the
retrieved memory and firing rate
codes for the degree of certainty.
Thus, epochs with high firing rates tend
to produce more reliable firing
phases than those with low firing
rates — exactly what Montemurro et al.
[6] found. It will be exciting to see future
experiments testing this, and other [16],
theories about the computational role
of phase coding.
References
1. Victor, J.D., Purpura, K., Katz, E., and Mao, B.
(1994). Population encoding of spatial
frequency, orientation, and color in macaque
V1. J. Neurophysiol. 72, 2151–2166.
2. Temereanca, S., and Simons, D.J. (2003). Local
field potentials and the encoding of whisker
deflections by population firing synchrony in
thalamic barreloids. J. Neurophysiol. 89,
2137–2145.
3. Lee, H., Simpson, G.V., Logothetis, N.K., and
Rainer, G. (2005). Phase locking of single
neuron activity to theta oscillations during
working memory in monkey extrastriate visual
cortex. Neuron 45, 147–156.
4. Liu, J., and Newsome, W.T. (2006). Local field
potential in cortical area MT: stimulus tuning
and behavioral correlations. J. Neurosci. 26,
7779–7790.
5. Buzsa´ki, G. (2006). Rhythms of the Brain (USA:
Oxford University Press).
6. Montemurro, M.A., Rasch, M.J., Murayama, Y.,
Logothetis, N.K., and Panzeri, S. (2008).
Phase-of-firing coding of natural visual stimuli
in primary visual cortex. Curr. Biol. 18, 375–380.
7. Shannon, C., and Weaver, W. (1949). The
Mathematical Theory of Communication
(Urbana, Illinois: University of Illinois Press).
8. Cover, T., and Thomas, J. (1991). Elements of
Information Theory (New York: John Wiley &
Sons).
9. Huxter, J., Burgess, N., and O’Keefe, J. (2003).
Independent rate and temporal coding in
hippocampal pyramidal cells. Nature 425,
828–832.
10. Shapiro, M.L., and Ferbinteanu, J. (2006).
Relative spike timing in pairs of hippocampal
neurons distinguishes the beginning and end of
journeys. Proc. Natl. Acad. Sci. USA 103,
4287–4292.
11. Buzsa´ki, G. (2005). Theta rhythm of navigation:
link between path integration and landmark
navigation, episodic and semantic memory.
Hippocampus 15, 827–840.
12. Murthy, V.N., and Fetz, E.E. (1996).
Oscillatory activity in sensorimotor cortex
of awake monkeys: synchronization of
local field potentials and relation to
behavior. J. Neurophysiol. 76,
3949–3967.
13. Pesaran, B., Pezaris, J.S., Sahani, M.,
Mitra, P.P., and Andersen, R.A. (2002).
Temporal structure in neuronal activity during
working memory in macaque parietal cortex.
Nat. Neurosci. 5, 805–811.
14. Mehring, C., Rickert, J., Vaadia, E., Cardosa de
Oliveira, S., Aertsen, A., and Rotter, S. (2003).
Inference of hand movements from local field
potentials in monkey motor cortex. Nat.
Neurosci. 6, 1253–1254.
15. Lengyel, M., and Dayan, P. (2007). Uncertainty,
phase and oscillatory hippocampal recall. In
Advances in Neural Information Processing
Systems 19, B. Scho¨lkopf, J. Platt, and
T. Hoffman, eds. (Cambridge, MA: MIT Press),
pp. 833–840.
16. Hopfield, J. (2004). Encoding for computation:
recognizing brief dynamical patterns by
exploiting effects of weak rhythms on action-
potential timing. Proc. Natl. Acad. Sci. USA 101,
6255–6260.
1Gatsby Computational Neuroscience Unit,
University College London, London, UK.
2Computational and Biological Learning
Laboratory, Department of Engineering,
University of Cambridge, Cambridge, UK.
E-mail: pel@gatsby.ucl.ac.uk
DOI: 10.1016/j.cub.2008.02.062
Dispatch
R351Metabolic Gradients: A New System
for Old Questions
Metabolic gradients are likely to be crucial to normal and abnormal
development of cells and tissues. As shown by a new study, a Xenopus egg
model system has great promise to illuminate quantitative measures of
metabolic gradients in living cytoplasm.Neil W. Blackstone
One of the canonical features of life is
obtaining energy from the environment
(e.g., food, light) and converting this
energy into forms that are more useful
to cells. Hence it is no surprise that cells
and organisms have developed many
mechanisms to detect and respond tomolecules used in energy metabolism.
A study published in this issue of
Current Biology by Niethammer et al.
[1] pioneers Xenopus egg cytoplasm
as a useful model to investigate these
metabolic signaling mechanisms. This
model system will help to answer
questions that have intrigued biologists
for some time. For example, C.M. Childin 1941 wrote: ‘‘That quantitative
metabolic differences seem to be the
most conspicuous features in early
stages of many forms and that they
are essential factors in development
is a justifiable conclusion from the
data.. Undoubtedly, there is
interaction between nucleus and
cytoplasm, and.different genes
become activated or in some way
come to play a part in determining
the differences in different cells;
but.differences in gene effect must
be based on conditions in the
cytoplasm’’ [2].
At that time, further tests of Child’s
hypothesis were thwarted by both
technological and theoretical
obstacles. With regard to the former,
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Figure 1. The mitochondrial electron transport chain.
In eukaryotes, the mitochondrial electron transport chain is the locus of much of the metabolic
signaling in the cell. A schematic of the electron transport chain shows complexes I–V, coen-
zyme Q (Q), and cytochrome c (cyt c). Small arrows trace the flow of electrons from NADH and
FADH2 to oxygen. Large arrows show the extrusion of protons (H
+) by complexes I, III, and IV
and the return of protons to the mitochondrial matrix via ATP synthase (complex V), triggering
the generation of ATP (dashed arrow). Red stars indicate the two major sites of reactive
oxygen formation (modified from [12]).to investigate metabolic gradients
one first needs to be able to measure
them in living systems. Particularly
noteworthy in this context were
experiments in the B. Chance
laboratory during the 1950s using
dual-beam, dual-wavelength
spectrophotometers [3]. These
instruments took advantage of a key
characteristic of several molecules
used by cells in energy
metabolism — autofluorescence.
When excited with a particular
wavelength of light, such molecules
would then emit light at corresponding
wavelengths. Further, this
autofluorescence differs depending on
whether these molecules are oxidized
or reduced. Since energy metabolism
consists of a series of ‘redox’ reactions,
in which one molecule loses electrons
that are gained by another, the
energetic states of cells and
components of cells could now be
assayed in vivo merely by illuminating
the sample with the correct wavelength
of light and monitoring the subsequent
emissions.
With regard to theoretical obstacles,
one needs an understanding of
mechanisms of energy conversion in
living systems in order to interpret the
effects of metabolic gradients. Such
a theory was largely developed during
the 1960s and 1970s [4,5]. In brief,
the mitochondrial powerhouses of
eukaryotic cells oxidize substrate
(amino acids, carbohydrates, fatty
acids) and reduce coenzymes NAD+
and FAD. Oxidation of NADH and
FADH2 provides electrons to the
electron transport chain. It is this chainthat is the locus of much of metabolic
signaling (Figure 1). Electron flow
between the major complexes drives
the extrusion of protons, establishing
a steep transmembrane potential (Dc)
across the inner mitochondrial
membrane. This gradient powers
most cellular functions, particularly by
allowing the formation of ATP via ATP
synthase. Ultimately, the disposal of
electrons occurs by reducing
molecular oxygen to water. However,
particularly at two points along the
electron transport chain, electrons tend
to stray to oxygen, forming ‘reactive
oxygen species’ (ROS), broadly
defined as partially reduced forms
of oxygen. Most modern studies of
metabolic signaling focus on the levels
of O2, NADH, ATP, ROS and Dc and
on their effects in cells and tissues.
What of Child’s vision of elucidating
‘‘quantitative metabolic differences.in
early stages’’ of development? As
major technological and theoretical
advances were occurring in the study
of bioenergetics, developmental
biology made its own advances as part
of the molecular biology revolution.
Questions such as Child’s about
ultimately environmental metabolic
effects were largely ignored in the
excitement of elucidating gene activity
in early development [6]. Nevertheless,
eventually the evidence for a role of
metabolism in both normal and
abnormal development became too
strong to ignore [7–9]. Even early
development was not immune from
metabolic inputs [10]. The new study
by Niethammer et al. [1] now puts
Child’s goal back sharply into focus.Working with concentrated extracts
from Xenopus eggs, these authors
quantified metabolic gradients in
response to spatial stimuli in living
cytoplasm from the earliest
developmental stage.
The most striking aspect of their
results is that, even in a seemingly
homogeneous and simple cytoplasm,
surprisingly complex spatial patterns
emerge. Moreover, the nature of
these patterns differs depending on
which metabolic signal is examined.
For example, examination of
autofluorescence of NADH shows
a large ‘dark zone’, indicating that most
of the NAD pool is in the oxidized form
as a result of high metabolic demand.
At about 600 mm from the oxygen
source, autofluorescence shows
a sharp, step-like increase indicating
that most of the NAD pool is in the
reduced form — NADH. The lack of the
terminal electron acceptor (oxygen) is
likely inhibiting high rates of NADH
oxidation. On the other hand, patterns
of mitochondrial transmembrane
potential (Dc) and ROS, visualized
with the appropriate fluorescent stains,
show much more gradual (and not
step-like) changes over the same
spatial scale. What underlies these
different patterns is not immediately
obvious. It is reasonable that Dc and
ROS should concord: as Dc increases,
electron carriers will more and more
act as ‘poorly insulated wires’ and
more and more electrons will be lost to
oxygen (Figure 1). Intuitively, one might
expect that NADH autofluorescence
should also correlate with Dc and
ROS [11]. Nevertheless, Niethammer
et al. [1] extensively replicate this
result and also show that it is robust
to manipulation with metabolic
inhibitors and uncouplers. The authors
suggest that downstream substrate
pools in the electron transport chain
(for example, coenzyme Q and
cytochrome c) buffer the upstream
NAD pool (Figure 1). No doubt this
hypothesis will stimulate further
interesting work.
The spatial heterogeneity of multiple
metabolic signals suggests an
underappreciated subtlety to
metabolic signaling. Pathways
sensitive to NADH may for example
show different spatial and temporal
patterns than pathways sensitive to
ROS or Dc. The same may apply to
other metabolic signals. The Xenopus
model cytoplasm has considerable
future potential in this regard. Given
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chamber, it should be relatively easy to
bring to bear other techniques, for
instance to examine aspects of gene
activity, thus providing considerable
synergism for the study of both
energetic and genetic factors in
development. As studies of other
stages of Xenopus development are
included, Child’s vision will finally be
fulfilled.
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